. These inhibitors bind in a manner analogous to a bona fide like, and PGPH (Ac-LLE-MCA) substrates (data not shown). protein substrate but are covalently locked into place by a nucleophilic attack on the inhibitory "warhead" ( Figure 2B ). Using this approach, it is possible to indiStructure of MB1 Bound to the ␤2 Subunit: Critical Binding Determinants at the P3/S3 Interface rectly determine the optimal sequences of inhibitors bound at each of the three primary active sites. FurtherTo obtain the structures of the inhibitor-bound 20S proteasomes, crystals were soaked for 6 hr with the inhibimore, the assay can be performed in crude protein extracts under a variety of conditions. tors. Determination of the three-dimensional structures of the complexes indicated that, as expected, MB1 was We chose two tetra-peptide vinyl sulfone inhibitors based on data obtained from this library approach [12] covalently bound to only the ␤2 active site while MB2 was bound to the active sites of ␤1, ␤2, and ␤5. The (Table 1) . Results from this screening process indicated that selection of a positively charged basic residue at structure of the ␤2 active site containing the covalently bound MB1 ligand (Ac-PRLN-VS) shows the P3 arginine the P3 position results in selectivity for the ␤2 subunit responsible for the trypsin-like activity of the protearesidue projected into a deep acidic pocket at the S3 subsite ( Figure 2A ). The P1 asparagine is likewise buried some. The library data also indicated that a proline or tyrosine residue at P4 further increases specificity for into a slightly less pronounced acidic S1 pocket. The large size and the acidic nature of the S3 pockets exthe ␤2 subunit. We therefore chose the peptide Ac-PRLN-VS (MB1) as our ␤2-selective inhibitor. This complains the reason for favorable selection of lysine and arginine residues at the P3 position of the previously pound was previously shown to bind exclusively to the ␤2 subunit at concentrations as high as 100 M, sugidentified ␤2-specific inhibitors [12] . In addition to the overall acidic nature of the S3 pocket, several residues gesting that it is unable to occupy the active sites of ␤1 and ␤5. The library results also indicated that simple within this site are available for hydrogen bonding interactions with the side chain nitrogen residues of arginine replacement of the basic residue at P3 with an aliphatic leucine residue abolishes the selectivity of the inhibitor.
( Figure 2B ). In particular, aspartic acid 28 of the ␤2 subunit and cysteine 118 of the adjacent ␤3 subunit project We therefore chose the sequence Ac-YLLN-VS as a general inhibitor that differed from MB1 only in the P3 and into the S3 pocket and make favorable hydrogen bond interactions with nitrogens of the P3 arginine. These P4 residues. This compound was shown to bind equally well to each of the three active sites. Assay of these interactions are likely to be one of the critical determinants for selectivity at the S3 site of the trypsin-like inhibitors against purified 20S proteasomes indicated that MB1 inhibited hydrolysis of only the trypsin-like active site. The P2 and P4 residues of MB1 appear to play only bonds may help explain why the vinyl sulfones react covalently with the hydroxyl nucleophile of the proteaa minor role in contributing to the binding interactions between the inhibitor and the ␤2 active site. The P2 some even though these electrophiles were originally designed as mechanism-based inhibitors of cysteine residue, in particular, projects into the central core of the 20S cavity, making little or no contacts with the ␤2 proteases [24]. Such hydrogen bonding interactions may be important for activation of the electrophilic vinyl subunit. The P4 proline residues forces a slight kink in the inhibitor backbone that causes the N-terminal porcarbons as well as to retain the bound inhibitor in the active site, thereby increasing the likelihood of a covation of the inhibitor to bend away from the inner cavity wall and reduces the contacts between the inhibitor and lent attack by the hydroxyl nucleophile. the adjacent ␤3 subunit. Furthermore, the S4 pocket of ␤2 is quite small, thereby making the proline in P4 an Structure of MB2 Bound to the ␤1, ␤2, and ␤5 Subunits: Potential Conflicts at S3? ideal residue for binding to this subunit. This relatively small S4 pocket may also represent a means for creating In addition to the favorable interactions of MB1 with the ␤2 active site, we wished to explore whether additional inhibitors that can be excluded from binding to ␤2 through addition of bulky hydrophobic groups at the P4 nonfavorable interactions exist that would exclude MB1 from binding to the ␤1 and ␤5 active sites. To explore position.
The vinyl sufone group forms a covalent bond with the reasons for lack of binding at ␤1 and ␤5, we determined the structure of the core particle bound to the the hydroxyl residue of the N-terminal threonine. Strong binding interactions result from three hydrogen bonds compound MB2. Figure 3 shows the surface structures of the inhibitor bound into each of the three primary between the sulfone oxygens and backbone amides as well as the free amino terminus of Thr1. These hydrogen active sites of the complex. MB2 adopted a similar binding mode within all three cated that while the ␤1/␤2 and ␤5/␤6 S3 sites lacked the residues for hydrogen bond interactions with the active sites. Furthermore, its orientation was similar to P3 arginine of MB1, neither structure indicated sites of that of MB1, binding such that the P1 and P3 residues steric or electrostatic clashes. These findings suggest made direct contacts with the cavity walls while the P2 that simply losing favorable interactions at the S3-P3 and P4 residues projected in the opposite direction.
interface are sufficient to prevent covalent modification However, several minor differences between the backat the catalytic nucleophile two residues away. While bone structures of MB1 and MB2 were observed. The covalent inhibitors may not perfectly mimic a true promost noticeable difference was observed for the P4 tein substrate, these results suggest that interactions tyrosine residue of MB2. This large phenolic ring was at the S3 site may drive selectivity by effectively holding oriented so that it made favorable binding contacts with a substrate in place long enough for hydrolysis to occur. the adjacent subunits that make up the extended S4 Analysis of the S1 pockets of each of the three active pockets of each of the three active sites. In particular, sites occupied by the asparagine of MB2 indicate that the contacts between the P4 tyrosine and the S4 pocket these relatively shallow pockets are able to accommoof the ␤5/␤6 chymotrypsin site seemed to be critical date an amide side chain regardless of the topology and for favorable binding. This result is consistent with the electrostatic character observed for each active site. In finding that tetrapeptides that contain a hydrophobic the case of the ␤2 subunit, the S1 site contains an acidic P4 residue are potent inhibitors of the chymotrypsinpocket that would be expected to interact favorably with like activity but can be rendered completely inactive the P1 side chain amide of MB2. Likewise, the shallow upon removal of the P4 residue [15]. Furthermore, addi-S1 pocket of ␤5 contains a methionine residue that tion of P4 residue to known tripeptide cysteine protease would be expected to tolerate the P1 asparagine resiinhibitors can likewise result in increased cross-reactivdue. However, the basic character of the S1 binding site ity with the proteasome (unpublished data). These reof ␤1 would be predicted to disfavor binding of the P1 sults are also consistent with the P3 and P4 positions residue of MB2. The fact that MB2 is able to be covaon a substrate making the primary interactions with the lently bound to each of these active sites with relatively ␤5/␤6 interface that control the sequence specificity at diverse S1 pockets suggests that this site may in fact this site.
be of secondary importance to interactions that take In the case of all three primary active sites, the S3 place at the S3 and S4 subsites. This model for binding is pockets are large open spaces created at the interfaces further supported by the finding that the overall electron between the primary catalytic subunits and the backdensity for MB2 bound in each of the three active sites sides of adjacent ␤ subunits. Since these pockets are is low, indicating relatively poor binding interactions large, it seemed unlikely that they would be capable overall. However, the fact that MB2 serves as a reasonof excluding specific side chain residues, even large ably potent inhibitor and forms covalent interactions positively charged groups such as arginine. To confirm with each active site suggests that even with unfavorthis, we superimposed the structure of the ␤2 bound able P1 interactions, it may be possible for a peptide MB1 onto that of MB2 bound to both ␤1 and ␤5 to substrate to be hydrolyzed. In the case of MB1, strong determine if potential steric or electrostatic clashes exfavorable interactions at P3 in the ␤2/␤3 trypsin site isted that could further explain the high degree of selecmake up for the relatively poor P1 residue, leading to a highly selective inhibitor. tivity of MB1 (data not shown). These structures indi- The rigidity with which straight chain peptide-based inhibitors bind to each of the multiple active sites teractions. Taken 
sequence specificity of the complex. Previous work
The space group of the crystals belongs to P2 1 (see Table 2 ). Data were collected using synchrotron radiation with ϭ1.05 Å on the using libraries of peptide-based covalent inhibitors 
